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Abstract

In this work we researched glasses with Al(PQ ) systems, in
particular Al(PO3 ) -AlF3- F(Fd) systems. We have ddtermined the
glass formation regions of Al(PG j) R-F(RF 2 ) and Al(P03 )j- AlF3 -
RF-RF2 systems, and by using the m2thods of different al thermal
analysis, X-ray diffraction analysis, and infrared spectroscopy,
we have identified the structural units of devitrification pro-
ducts within these glasses. We also discuss the structures of
these glasses in the present work.

When fluorides are introduced into metaphosphate glass, this
will cause the long [PO) chains to break. The length of the
chains is shortened as the fluoride content is increased, and the
glass gradually changes into a pyrophosphate str ture iean-
while, with the presence of alkali fluorides, A1", Mg 2 and Li*
ions can form [AlF41, [MgF4, and [LiF 4 3 structural units respec-
tively,+whic..link up Pe broken chains. On the other hand, Nia,
K , Ca , Sr , and Ba all act as glass network modifying ions.
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1. Foreword

Fluoropnosphate glass systems have good optical qualities: their

refraction ratios are low, their aperture numbers are largel they

are optical glasses with low chromatic dispersion. Since they still

have special relative portions of chromatic dispersion, they are op-

tical glasses with special chromatic dispersion. In a few optical

systems with the second degree spectrum removed, one can use fluoro-

phosphate glass and other fluorophosphates to match each other, and

obtain redispersed chromatism within a broad spectral range. Fluoro-

phosphate glasses also have low nonlinear refraction ratios, and re-

duce deterioration in quality and focusing phenomena that occur with

light beams under the effect of strong light. They are the-basic

glasses for laser work materials produced in high power laser beam

systems. From the 1950's to the 1960's, since optical glasses were

first developed, every nation has conducted some research on them

and has manufactured some practical optical glasses. In order to

meet the need for high power laser equipment, some practical re-

search on optical glasses was pursued once again in the 1970's. At

the same time that fluorophosphate glasses were being produced,

* there had already been some research done on the production, char-

acteristics, and structure of these glasses, but they were still

little understood in comparison with silicate, borate, and phos-

phate glasses. Because of this, research on fluorophosphate glas-

ses is of both theoretical and practical interest.

In light of the structural similarity between BeF 2 and SU,2,

G. Heyne did research using BeF2 as the basic fluoride glass.j 2



This type of glass remains open to investigation concerning its

physical and chemical properties, as well as its manufacturing tech-

niques. With .the introduction of metaphosphates into glass, a fluo-

ride glass containing phosphates is produced, which gradually turns

into a fluorophosphate glass not containing BeF2. Fluorophosphate

glasses are divided into three systems, according to the differences

in their metaphosphate contents the NaPO3 system, the Ba(P03 )2 sys-

tem, and the Al(PO3 )3 system. Pei-zhen Deng(2) has carefully re-

(4)searched the NaPe 3 system, M.L. Petrovskaya(3), A.A. Pronkin et

al. have researched the Ba(P03 )3 system's characteristics and struc-

turp, and L.N. Urusovskaya(5 ), L.A. Golubtsov (6 ), A.A. Pronkin et

al. have researched the AI(PO3)3-Re two-component glass system and

the Al(P03)3-BaF2-RF three-component glass system. While fluorophos-

phate laser glasses were being researched, there were also people

trying to determine the formation of Al(PO3) -AlF3-RF3 -RF-R?2 glass

systems and the characteristics of the individual glasses.

On the basis of our total knowledge of the properties of inor-

ganic glasses, we believe that AIF 3 is one of the major ingredients

of fluorophosphate glasses, and that it handles the effects of in-

termediate chemical compounds in fluorophosphate glasses. The pre-

sent work discusses fluorophosphate glasses that have Al(PO3 )3 as a

base, with emphasis on AlF3-containing glasses, and identifies the

glasses' formation regions. We used the methods of infrared spectro-

scopy, differential thermal analysis, and X-ray diffraction analysis

to conduct research on glass and devitrified samples, in order to

gain an understanding of the negative ion radicals prebent in the

glass. Relating this to the formation regions of glasses, we discuss



the structure of fluorophosphate glasses, and put forth a fairly

definite point of view.

2. The Glass Formation Regions

The glass formation regions of the Al(PO3)3-RF(RF2 )(hF 3 ) two-

component system and of the AI(PO3)3-AIF3-RF2-RF four-component-

system have been determined. The raw materials used weres experimen-

tal reagent Al(PO3)3 and chemically pure fluoride. They were melted

in a platinum crucible, with 20 g. of glass used each time to melt

in the experimont. After mixing, it was poured into an iron mold and

allowei to cool naturally in the open air. The glass formation re-

gions of the two-component system are listed in Table 1, and for the

glass formation regions of the four-component system, see Figs. 1

and 2.

As fluorophosphate glasses are melted, the fluorine has a defi-

nite volatilization. We selected a certain number of glass samples

and did a chemical analysis of their total fluorine content. The re-

sults indicated that in glasses with high fluoride content, most of

the fluorine was volatized in the form of fluorine oxide, and the

change in the fluorine to oxygen ratio in the glass is not great.

Table 1. Glass formation re-
gions of the Al(POl)3-RFx two-
component system glasses

glass systeml RFxCOnteni (molf)

AIPU j);-LiF 79-85

Al(PO,),-NF 72-S1

AI(PO,),-KF 66.-Is

A|(1P),) ' a66-74

AI(PO, )-AIF ,  0-2$

.4



As the melted mass cools, the glass often becomes devitrified,

and the devitrified grains are very small; with the naked eye or an

optical microscope it is difficult to distinguish whether they are

separate crystals or phase splittings. We used an electric scanning

scope to investigate this; cf. Fig. 3(1) for the appearance of the

devitrified grains. In the glasses with relatively high AlF3 and

RF2 content, the glass devitrification was rather strong, and be-

longed to the split phase class (cf. Fig. 3(1)). In the glasses

with relatively high RF content, the devitrification was lumped,

and appeared in the form of separate crystals (cf. Fig. 3(4)). kost

of the glasses eventually produced phase splittings and separate

crystals.

From the above-mentioned glass formations we can see that, 1)in

the regions of high fluoride content in AI(PO3 )3 -RF systems, the

amount of LiF absorbed was greatest, and the KF was least. In

Al(P03 )3-AIF 3 systems that did not contain RE or RF2, the high-flu-

orile regions did not form glass. 2) In the four-component systems

where Al(PO3)3=15 mol%, when AlF 3=O, it was only the systems con-

taining LiF or MgF2 that formed glass. 3) In the four-component

systems that only contained NaF, KF, Ca?2 , SrF2 , or BaF2 , glass

could form only if the system contained AlF3 , regardless of whether

Al(P03 )3 =10 molA or Al(PO3 )3 =15 mol.

According to the research on inorganic glass structure (9 ) , glass

formation and network structures not dependent upon glass have the

following property: that devitrification of glass and destruction of

networks are related to the formation of networks of different qual-

ities, and moreover, can be classified as accumulation regions and

'4e-triction regions on the basis of their degree of joining, in dif-

!5
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ferent regions, each type of glass component differs with respect

to the influence of devitrification. In the present work, in re-

gions with low Al(PO content, the networks of glass formation
3)3

suffered a great deal of destruction, located in the destruction re-

gions. The influence of the introduction of a given component on

glass formation is dependent on its ability to destroy networks or

to cause already destroyed networks to join back together.

From the above-mentioned glass formation regions it can be seen

that the introrduction of AiF 3 can cause glass formation regions to

expand. If Al(P03 )3=O molt or 15 molt, Al(PC3 )3 -CaF2 -NaF, A1(P3)3-

SrF 2 -NaF, and Al(PO3 )3-CaF 2-KF can all form glass with the introduc-

ticn of AlF 3 . It can be said that under the condition that RF or RF2

content is present, AIF 3 causes networks that have suffered great

destruction to join together again, if the Al(PO3 )3 content is low.

AIF 3 can also cause glass to form, or cause glass formation regions

to expand. LiF and MgF2 have similar effects, and under the condi-

tion that no AlF 3 content is present, can cause destroyed networks

to join together again, and cause glass formation. AS far as glass

formation is concerned, we believe that in fluorophosphate glasses,

AlF 3 , MgF2 , and LIF have the effect of making broken networks join

back together.

3. Separate Crystals of Glass and Their Resulting 6tructures

The present work researched three sets of separate crystals of

glass, metaphosphates, fluorophosphate glasses with high Al(PC3 )3

content, and fluorophosphate glasses with low Al(PC 3 )3 content. The

chemical ingredlients of each glass were (in mol%)i
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Fig. 2. The glass formation regions of Al(PQ )-
AeFo F2oRF four-component. systems when Al(Pi3)3
con nthise10 moln.

In the differential thermal curves of each of the above-men-

tined glasses, the speed of heat increase was 5 C.o/min. at the

tie of determination, with the results as shown in Fig. 4. The

exothermic peak in the differential thermal curve corresponds to

the separate crystallization of the glass, and the heat absorption

peak corresponds to the melting that led to the separation into

crystals. From the figure it can be seen that in single component

glasses, the differential thermal curve is comparatively simple,

with the exothermic an!i heat absorption curves fairly obvious. This

indicates that only one kind of crystal is separated out. The heat

absorption peak of the differential thermal curve is approximately

-the same as the melting point of the corresponding crystal. The dif-

ferential thermal curve of glasses with low Al(PO 3)3 content is com-

plex, as with 20Al(PO03)3' OLiF and 1OAl(PO 3)3,2OAlF 3.5O 2 -0 1LiF

glasses. With the former glass two similar exothermic peaks appear,

8



which indicates that the eventual separation into crystals was dif-

ferent, but they melted at similar temperatures. With the latter

glass there existed a strong exothermic peak and several heat ab-

sorption peaks, which indicate ! that it separated into crystals at
a

about 530 C., but there were different melting temperatures. This

is approximately the same as the results obtained by X-ray diffrac-

tion analysis, to be presented below.

Each type of glass was maintained at around crystallization

temperature 12-24 h, and after applying thermal treatment to the

samples we used the method of powder X-ray diffraction analysis to

determine the diffraction spectrum, and compared it with the stand-

ard spectrum in order to determine the result of separation into

crystals. The X-ray diffractions of several types of samples are

shown in Fig. 5. After analyzing the results, we arrived at the

judgment that after thermal treatment, the result of each glass

sample's separation into crystals was as shown in Table 2.

'soy

(3 1200C 910V O

Fig. 4. The differential thermal curves of each type of

glass.

1) LiPO 1 2) Sr(PO )2 1 3) Al(PO 4) 70Al(PQ ),-3OSrF2 1
5) 80A1?PO ),20A 6 ) 20A1(P 3?3"80LiF; 7) ?Ol(P;3)3 "

2CAlF3 .5SSF 2.20LiF.

3 2.



In Table 2 it can be seen that for glasses with a high content

of pure metaphosphate or Al(P03 )3, the principal crystallization

product is metaphosphate. In the portion with low Al(PU3 )3 content,

the principal crystallization product is pyrophosphate or aluminum

fluoride and aluminum metaphosphate.

In order to understand the various types of structural units

involved in crystallization, we used infrared spectroscopy on the

samples before and after thermal treatment, and used the method of

KBr extrusion tablets to prepare the samples. The infrared spectro-

scopy results of 7 types of samples before and after thermal treat-

ment are shown in Figure 6.

In the infrared spectroscopy of each metaphosphate glass after

thermal treatment, it was found that the extended vibrations pro-

duced by the chain structure of the metaphosphate units deform the

vibration frequency. For example, with LiPO3 , the heat absorption

neaks are divided into 1290 cm"I (Vas PC2 ), 1150cm -1 (iPc2 ), and

approximately 410 cm-1 (tPO4). Similarly, Sr(P03 )2 and*AI(PO3 )3

often have changes in the values of peak wavelength and strength.

In 80A1(P0 3 )3 20AlF 3 and 70 Al(P03 )3 30SrF2, two types of

glass with high Al(P03)3 content, the primary crystallization pro-

duct is Al(P03)3. By comparing the infrared spectroscopy results,

it can be ascertained that they are basically similar to Al(PO 3 )3.

In the four-component system glass 20 Al(PO3 )3 8OLiF with

Al(P03 )3=10 mol%, the Al(PO3)3 content is low, and the special fea-

ture of the infrared spectroscopy results of thermally treated sam-

ples is that 1260-130O cm-1 does not exist in the characteristic

absorption peak of the metaphosphate structures, which instead have

lu

L - I .. ... . . . . . . . . . .. . . . . . .. . .
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an absorption of 11OC-1200 cm"1 for the characteristic spreading vi-

brations (vas PC3 ) of the pyrophosphates. In 20AI(P03 )3 8OLiF sam-

ples, absorption of 1260 cm indicates that there still remain

small amounts of metaphosphate radicals. The absorption peak of 545

cm"1 obtained with thermal treatment samples, according to A.A.

(7)Pronkin belongs to the vibrations of AlF6 3- . The infrared

spectroscopy results of thermally treated samples of four-component

systems basically correspond to Sr2P207 . Each absorption peak is

distinguished by the pyrophosphate system's spreading vibrations

and deformed vibrations. They are 1190 cm-
1 , 1140 ca 1, 1110 cm 1

(VasPo3), 1050 cm"1, 1015 cm"10 980 cm-1 (VO03'), 750 cm" (vsPOP),
565 cm- , 550 cm1  ),asP3), 550 cm"1, 490 cm-1 (8,PO(3 ). Because of

this, it is ascertainable that the basic structural units are pyro-

phosphate structures.

Table 2. Crystallization
products of each glass
sample after thermal
treatment
Glass Major Other

crystal- crystal-

lization lization
LiPO, LJpOS

Sr(PO,), Sr(PO,),
AI(,), AI(PO,),
$OAI(PO,),.SO-%r, AI(PO,), [AJlpO,70Al(P~s)8-' S r~ s AI( M v,)g S rP O),

D-Sr(PO,),SOAI(PO,),.gOLiP AIP,,Li.P,o AIpo,, LIPr
£OA(PO,) . OALP,• 1SwPAO, ASr(PO,),

HARM)-___ ___i 1 3- 13J
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4. The Structure of Fluorophosphate Glasses

Infrared spectrometry is an effective method for conducting re-

search on material structures, and also has extensive applications

in research on glass materials. Because we have a comparatively

good understanding of crystal structures, we can often compare the

infrared spectroscopy results of glasses and crystals, and deter-

mine the structure of glasses on the basis of the various struc-

turps found in crystals. The infrared spectra of 7 types of glas-

ses are shown in Fig. 6. It can be seen that the infrared spectra

of glasses are similar in appearance to the spectral lines of the
corresponding thermal treatment samples, but more diffuse. In com-

paring the infrared spectra of glasses with those of samples after

thermal treatment, it can be affirmed that the structure of meta-

phosphate glasses is similar to that of the corresponding crystals.

As crystal changes into glass, the basic structural units are pre-

served. For fluorophosphate glasses with high Al(PU3) 3 content,

the infrared spectrum is similar to that of Al(P03 )3, and the meta-

phosphate structure is maintained. For glasses with low AI(P03)3

content, the basic structural units are pyrophosphate radicals. As

the fluoride content is increased, [PoF]2 " structures still ap-

pear, and their infrared spectral lines overlap with those of the

metaphosphates.

The products of fluorophosphate glasses are not metaphosphates,

and the structure of fluorophosphate glasses has been researchedJ9,1
0 )

Metaphosphate glasses have a long chain structure compound of

[ PC 41 four-sided radicals, and the network modifying ions fill the

gaps in the chain. In discussing the structure of fluorophosphate

15



glasses, it is necessary to begin with the structure of the meta-

phosphates.

The addition of fluoride to metaphosphates is like the addition

of network modifying bodies to oxide glasses: the P(j4 phosphorus-

oxygen chain breaks, and assumes the form of a PO F four-sided
3

body, and the PO 3F becomes the terminal of a long chain. Accord-

ing to the increase of fluoride introduced, the length of the chain

continually decreases. For instance, the addition of the alkali

fluoride RF changes the course of events as follows.

0 0 0 0 0 0 0 0
LIL I I I

0 0 0 00 00 0

00 0
Additionally, the network structure gradually breaks, shortens, and

turns into a pyrophosphate structure. In glasses with high Al(PO) 3

content, like the 80Al(P03 )3 ZOAlF3 and 70Al(P03 )3 30SrF2 glasses,

the structural network of metaphosphate radicals is basically pre-
served. In glasses with low AI(P 3 ) 3 content, such as 20Al(P03 )3
8oLiF and 1OAl(PO3) 3 20AF 3 50SrF 2 20LiF, the basic structures turn

into pyrophosphate radical structures. This process of changing can

be seen clearly in the infrared spectra. For this reason, the spe-

cial characteristic of fluorophosphate glasses is that they take

the form of IP03 F
2 " with the continuous addition of fluoride. Al-

so, the long metaphosphate chains shorten, and the glasses gradual-

ly turn into pyrophosphate structural networks.

Rather special components in fluorophosphate glasses are AlF,

LgF2 , and LiF. From research on silicates, borates, and phosphates

it is known that for ions of relatively small radius, when there

16



are alkaline metals or alkaline-earth metals present, they can take

the form of the corresponding negative ion four-sided body and enter

the glass network. In silicate glasses, every positive ion's struc-

tural condition has a significant relation to the radius ratio of

positive ions and oxygen ions. In the same way, in fluorophosphate

glasses, the radius ratios of the positive ions and fluorine ions

has a very great influence on the glass' structure. According to

the size of the radius ratios between negative and positive ions.

each fluoride and oxide has correspondingly similar structural pat-

terns. (E.g., BeF 2-SiO2 , LiF-MgO, NaF-CaO, NlgF 2 -TiO2 , AlF 3- o3.)

The structural form and characteristics of each fluoride within

glass can be compared with the oxides, which have similar patterns.

In oxide glasses, b1g 2 , Ti 4 , and Mo6+ under certain conditions all

can take the form of their own four-sided body structures, and en-

ter the glass network in the form of bodies found within glass.

Similarly, we believe that in fluorophosphate glasses, when KF or

RF2 is present, A13+, Mg24 , and Li+ also can take the form of

CAlF 43, [MgF41, and £LiFO four-sided bodies, and cause broken and

shortened chains that have [PO3F] as terminals to join together

again, and increase the glass' stability. Taking AlF3 as an exam-

ple, this process can be expressed as followss

Y
O-p-O

0oo

0 0 0 0 F 0 0

3)4 -O-_IC 4.p 311F Alp--l,-pO-

%Jo 0 0 0 0
O-p-

0

o-p-at 17



ivoreover, when RF is present, then as AiF is introduced, A13+ be-
3

comes the center, and AlF4  takes shape, and causes the PU 3F in

the chain's terminal to join back together. It also causes the

structurp's chains to lengthen, and take tfie form of a 2-dimension-

al structural network. The situation for MgF2 and LiF is similar.

From the preceding discussion, it can be seen that for the glass

formation regions in Al(P03 )3-RF systems, the greatest fluoride

content that can be present for glass to form holds for LiF. In

the abcve three-component systems, when Al(P03 ) 3=15 mol%, the in-

troduction of AIF causes the glass to stabilize, and in the3
Al(PO3)3-RF2-RF systems when AIF3=0, glass can form only when LiF

or MgF2 is present; this explains why AlF3, MgF2, and LiF have a

joining effect upon networks. Other single valued and dual valued

chemicals such as NaF, KF, CaF2, SrF2 9 and BaF2 , belong to the out-

er part of the network, and themselves cause the long chains of

metaphosphate radicals to break. When the fluoride content is high,

there exist many fluorine ions in the glass, and the glass' struc-

tural chains break severely; at this time the stronger positive

ions in the outer part of the network repair the broken fluorine-

oxygen chain ends, and possibly have a beneficial effect if pre-

venting devitrification in the glass. This insures that even when

there is little glass formation material present, glass can still

form.
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